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Heavy-ion-beam-induced laser scheme in hydrogenlike He
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A recombination laser scheme on the- 164 nmn=3-2 transition in H-like H&" ions is studied. Doubly
ionized helium is produced in a 300-mbar He gastarget using a pulsed 110*@&Vheavy-ion beam. The
cross section for this ionization process is®@20~ 17 cn?. Since the flux of existing heavy-ion accelerators is
limited, plasmas generated directly by heavy-ion beams reach only an electron deneitythe order of
10* cm™3. In order to study three body recombination of?Héons with free electrons, electron densities
of at least 1& cm™2 and electron temperaturd@s well below 0.1 eV are necessary. In this study the required
electron density is produced by means of a special gas discharge. Time evolution of the plasma pamgmeters
andT, in the plasma target prior to the arrival of the heavy-ion beam pulse is described by a numerical model.
Light intensity on the 164-nm=3-2 transition following heavy-ion beam excitation is measured using time
resolved optical spectroscopy. Light intensity on this spectral line and its dependence from electron density and
temperature in the plasma is interpreted using a system of coupled rate equations modelint;*tbystdﬂfn.
[S1063-651X98)08211-7

PACS numbdis): 52.40.Mj, 52.70.Kz

[. INTRODUCTION For a short time during this very dynamic plasma evolution
process, plasma parameters are favorable for establishing
There are two different approaches for obtaining populapopulation inversion by recombination of highly charged
tion inversion in short wavelength lasers. On the one handpns with cooled free electrons.
there is the group of ion lasef4,2], which require an ion- An alternative approach for producing supercooled re-
izing nonequilibrium plasma as a laser medium. In this cas@ombining plasmas using a heavy-ion beam stopped in a
component. These fast electrons are capable of populatingspect for using heavy-ion beams are the high cross sections
the upper Iaser. Ieyel by |nela§tlc_ coII|s_|ons_. On the otherg, producing highly charged target iof0,11. This colli-
hand, a recombinative nonequilibrium situation can be usedj,ng) jonization process is nonthermal, and the recoil target
to establish population |nverS|o[8_—5]. In this case the g haye a very low kinetic ener¢$?2]. As a result, heavy-
g?:n;?a?ﬁz_? hI?I’?uslefg[\;g?indeqzﬁ%rig?n;iézwoeflel'(;itr(f)]T ion beams have the potential for producing plasmas with
charpged ions (\%A,/ith plasma elegtrons The three body ?eggmhigh densities of multiply charged ions embedded in a cold
binaii ' environment of neutral target atoms or dense low tempera-
ination process . .
ture plasmas. In heavy-ion beam driven plasmas, a large per-
X2t 426~ L XZ-DH+* 4 o= 1) centage. of 'the.energy deposition in the target is §tored in the
form of ionization energy of ground state target ions. There
between an ioiiX) with charge stat& and two free electrons are several ways to channel this energy reservoir into a cer-
is the dominant recombination process. The rate of this readain laser transition.
tion, Rzk4 depends on the ion’s charge and the plasma On the one hand, the target ions can react with the sur-

s densities produced directly by heavy-ion collisions are too
low for obtaining significant three body recombination rates
Since Rgx~n2T, % a high electron density, and a low  with free electrons. The degree of ionizatigrby this pro-
electron temperatur@&, are required for a high three body cess is presently only on the order pf10 . As a conse-
recombination rate. The recombining electron is caught irqguence, the target ions produced predominantly form
highly excited Rydberg-states, and subsequently deexcitecharged excimers with the surrounding cold target gas atoms.
via fast collisional deexcitation. These charged rare-gas excimer molecules recombine via
Recombination laser systems with wavelengths as short atissociative recombination with free electrons, leaving one
the extreme vacuum ultraviolet (XUWA<100 nm) were atom in an excited state. Recombination of molecular ions in
predicted as early as 1963], and demonstrated successfully heavy-ion beam excited gas targets was investigated by
many times[8,9]. In these cases, high power laser pulsesRibitzki et al.[13], and is instrumental for establishing popu-
were used to generate dense, hot plasmas ablated from thaion inversion in heavy-ion beam pumped lagdr,15.
surface of solid target®.g., carbop which dissipate energy On the other hand, it is possible to channel the potential
very quickly by adiabatic expansion and radiation cooling.energy directly into ionic transitions, if the ions are sur-

parameters, and T, [6,7]: rounding cold target atoms. This is the case in all heavy-ion
73 P2 orrf beam pumped lasers up to now, since the beam current of
eV¥<cm i ; i
Ray = kgKn§=5.4>< 10-27 o ng @) heavy-ion accelerators is rather limited. As a result, electron
e
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rounded by a high electron density. These can be quasifree, heavy ion
beam current

weakly bound electrons from donor atorfier example, Cs

atoms which are mixed with the target gas at a sufficiently

high density[16]. The upper level in such laser schemes is plasma

efficiently populated by selective charge transfer reactions target

between a heavy-ion beam produced target ion and a donor 1 /, 2

atom. v t
As the beam intensity increases, electron density in the ‘T’

target increases as well, leading to a high three body recom- n,

bination rate of free electrons with heavy-ion beam produced
target ions. This way, ionization energy stored in the ground
state ions is channeled efficiently into highly excited ionic ]
levels, making recombination laser schemes possible. Sz ' E=
Motivated by the development of high intensity heavy-ion

accelerators such as the high intensity development program FIG. 1. Timing scheme used for the experiment: A first heavy-

at the Gesellschaft fuSchwerionenforschung in Darmstadt ion beam pulse preionizes the volume between two blade elec-
[17], it will be possible to produce high specific power den-trodes, and is used to provide a trigger signal for the plasma target

sities in the target. This will lead to degrees of ionization of@ time intervalst before a second beam pulse arrives. This second
y=10"* and more. Based on predictions using the modePeam pulse produces Ffeions. Three body recombination of these

. - . . ons with free electrons in the target plasma is studied.
described here, these intense heavy-ion beams will creal® getp

plasma parameters in the target, suitable for qdasit0—80 [l. EXPERIMENT
ns pulsesrecombination lasers around 100 nm.

For studying this situation in advance, a special plasma
target has been developed providing a high electron density Experiments were performed at the Munich Tandem van
(ne~10" cm3) by using a gas discharge in a 300-mbarde Graff accelerator. A pulsed beam of 110-M&@°" ions

helium-gas target. The target can be operated in two mode¥/as used for the excitation of a helium-gas target. Each pulse
with discharge on and off. In both cases light on the consisted of 19 particles and was focused to a beam spot of

=164 nm 1=3—2) transition in H-like H& induced by 0.8-mm diameter. The pulse width of each pulse was 2 ns.

the heavy-ion beam pulse is observed using time resolveﬁlJlses were .formed using a pulsing system nstalled at the
optical spectroscopy. Light on this transition without a oW energy side of the acceler_ator consisting of an.electro-
: .static chopper and a double drift tube buncher. The instanta-

Slasrgal.tak:?et Its uts eqtﬁs ? refere:[nce {or he'aa\\éy(—jloln b?_am 'Weous ion beam flux at the focus spot inside the target gas
uced fight output with plasma target on. elay Umesy as 5< 10 cm2s™. The ion beam was sent into the gas

between 100 and 500 ns after igniting the discharge, a 100[érget(helium Pre= 300 mbar andh, .= 10*° cm~3) through
328+ ; ; '

MeV S°* heavy-ion beam pulse of 2-ns duration was sent, 1"mg/cr4 titanium entrance foil of 4-mm aperture. Using a

into the plasma target, eff|C|er_1tIy prodgcmg Heions. A cross section measured by Bddg], initial He" and H&"

model has been developed which describes the temporal dgansities of 162 and 9x 10X° cm ™3 are produced in the tar-

velopment of plasma parameters in the plasma target up iget. The pulsing system was used with a pulsing sequence
the arrival of the heavy-ion beam pulse. Production of He it 819.2s-delay time between ion beam pulses. Since

ions in an environment created by the plasma target leads i@e plasma target could only be operated with a repetition

an increase of ion beam induced population density in theate of 10 Hz, a heavy-ion beam pulse was selected every
He*" (n=3) level due to three body recombination of¥ie 100 ms to trigger the gas discharge. The time history of the
ions with free plasma electrons. This level is also populate@&xperiment is schematically shown in Fig. 1. The first pulse

directly in collisions of the projectiles with the He atoms in preionized the gas. Then the plasma target was ignited for
the target gas. In the experiment we compare the light outpuroducing free electrons. The following ion beam pulse was

on the =164 nm Hg" (n=3—2) transition induced di- used for the actual experiment. A capacitive pick-off produc-

rectly by heavy-ion beam excitatiddischarge switched off  ing a fast timing signal at the arrival of a beam pulse was

with the light intensity with the plasma target activated lead-installed in the beam line for triggering the discharge and

ing to additional population via the recombination processdata taking using adjustable delays.

An increase in light output of 40% in case of the plasma

target activated was observed. The increase of population B. Target cell and plasma target

density in the He" (n=3) level due to three body recom- A schematic drawing of the target cell is shown in Fig. 2.
bination of HE" ions can be described using a model for |t was made from standard stainless steel high vacuum com-
temporal development of plasma parameters in the discharqg)nems with a 100-mm tube diameter. Two 40-mm-long
plasma and a system of rate equations for H-like He knive-edge shaped tungsten electrodes were mounted in the
The transition studied is one of the typical recombinationcenter of the cell. They were separated by 1 mm and care-
laser transitions in H-like ions in the XUV spectral region fully aligned with respect to the ion beam axis. The final
[8]. The scheme described here can therefore be scaled &mljustment of the beam was performed during the experi-
recombination laser schemes using more highly chargethent using steerer magnets in the beam line while observing
ions. the beam position with an alignment telescope through a

t

A. lon beam
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was used for that purpose. The arc discharge which essen-

experimental setup tially short circuited the electrodes typically 5 ns after igni-
tion was optically well shielded from the diagnostic part of
the setup.

resistor, R=§0% An estimate of the average electron densityin the re-

gion adjacent to the anode, right after termination of the
streamers by the arc as described above, can be obtained as
follows. As long as the electrical field between the electrodes
300mbar He gas IS ON, electrons are accelerated by the external electrical
field, causing collisional ionization of neutral helium atoms.
The average distance an electron travels until it ionizes a
helium atom is given by the inverse of the Townsend ioniza-
voltage divider tion coefficienta. In the streamer head, the external electri-
cal field separates electrons and"Hens by a distance on
the order ofa~1. This causes an internal polarization field
Epo ONn the order of

Ti entrance foil |

© .27 bladeelectrodes

heavy ion
beam pulse ™ _

capacitive

picl’{ off

Rogowski coil

ena !
€0

Epor~

- S thyratron ) L. . . . 7 1
wigger which is in opposite direction to the external electrical field

,  Eexten [Heree=1.6x10"19As, ¢,=8.85<10 12 A s/Vm
e ?f’pm“orf_:lzf\’, and o= (16 um) ! is the first Townsend ionization coeffi-
h cient in 300-mbar He gad9].] If Epy compensatek qyiern,
electron multiplication stops. As a result, the average elec-
N tron density in the region adjacent to the anode can roughly
- be estimated as follows:

. . . EOEextern%enea'il- ©)
FIG. 2. Schematic drawing of the experimental setup: The target
cell, beam line, discharge region, and electrical ignition systems ar@ peak voltage of 5 kV across the electrodes was measured
shown. using the two capacitive voltage probes. The average electric
eld within a distance of 20um of the knife edge anode is

S i
viewing port at the end of the cell. The electrodes were he'%n the order of 230 kV/cm. This results in an estimated av-

by insula@ing mounts made from tgflon. Wherever.possible rage electron density of ¥cm™2 after termination of the
the electrical feed through was designed for a rf resistance treamer mechanism

50 Q. A brass tube was placed around the blade electrodes '
and leads inside the cell for that purpose.

A modified power supply from a nitrogen laser was used
as a driver for the discharge. Triggering was performed by a
thyratron switch delivering a 16-kV pulse to the coaxial high We emphasize that it is not our intention to model the
voltage cable leading to the cell. The shape of the currerflischarge itself. Our goal is to estimate the development of
pulse was measured using a Rogowski coil. Two capacitivéle and T, after the voltage between electrodes is switched
probes were installed inside the cell for measuring the voltoff, in order to obtain the plasma parameters at the time of
age drop across the discharge gap versus time. interaction with the heavy-ion beam. Modeling of the plasma

The plasma target was designed as a special streamer dRarametersne(t) and Te(t) starts at termination of the
charge. The goal was to produce a homogeneously excitegfreamer development by the arc discharge outside the ob-
volume with an electron densityy, on the order of served region. As discussed above, the streamer discharge
10 cm 2 and a low electron temperatufe on the order of ~ produces an electron density on the order of*1n > em-
0.1eV. bedded in a sea of dense {1@m ), cold helium atoms.

The concept was to preionize the target volume with gDue to inelastic collisions with helium atoms, the kinetic
first ion beam pulse. Then, with a delay of 848, approxi- €nergy of the streamer electrons drops almost immediately
mately 200 ns before the next heavy-ion beam pulse arrivedwithin less than a nselow E(He 2 3S;)=19.77 eV, which
the high voltage pulse for the discharge was applied. Streans the lowest excitation energy of helium atoms. Afterwards
ers in which the density of free electrons increases due téhe electrons couple closely to the cold, dense helium-gas
electron collisions develop in the electrical field between theenvironment by elastic collisior{see Eq(5)]. Note that the
electrodes. It is important to stop the streamer process ragoupling between the fast electrons themselves due to elastic
idly for a cooling phase for the electrons to follow. This was coulomb scattering is weakr{ ‘,~nT, ¥?[7]).
achieved by an arc discharge which developed at one end of Since no explicit electron energy distribution function has
the blade electrodes. A separate sharp tip attached to theeen calculated for the discharge and early times after its
grounded electrode with a slightly shorter distance to the hotermination, T, should be regarded as the most likely kinetic
electrode than the knife edge part of the grounded electrodelectron energy right after termination of the streamer pro-

Estimate of the plasma parameters at the time
of beam interaction
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E —1_ 3
1.0 1 (Thet-re) =g THet-HellHeU He
;—\ 0.8 1
2, 06 B o THe+) vz
o] —(2.93>< 10 S )nHe< ov |
0.2
00 With oper.e= 1016 cnr?.
125 The electrons and Heions are thermally coupled by elas-
't 100 tic Coulomb scattering processE(s-E_He+)’l; see Eqs(4a
*—g 0.75 and (4c) and Ref.[7]]. The decrease af, andny+ in the
< 0.50 - volume studied due to ambipolar diffusion processes
< g5 (i =200 ns[21]) is also taken into accoufsee Eq.(4b)].
0.00 . : . : . . . The He gas in the streamers is heated up to 50 meV by the
100 150 200 250 300 350 400 streamer process, and cools exponentially with a decay time
5t [ns] 7oirt =200 ns down to 27 meVapproximately equal to room

temperature The decay of electron density is mainly caused
FIG. 3. Time evolution of electron temperature and density aftedy three body recombination of electrons with Héons
termination of the electron producing streamer mechanism. [Egs. (4d), (4e), and (4f)]. Formation of ionic Hg" mol-
ecules(kg, [22]) and their dissociative recombination with
cess, and not as a temperature. After about 50 ns the elefree electronskyss[23]) is also includedEgs. (4f), (4d) and
trons are considerably slower, and Coulomb scattering is fi¢4€)]. With the setup operated at a repetition rate of 10 Hz, it
nally strong enough to establish a Boltzmann distributionwas possible to obtain a very homogeneous sheet discharge
among the electrons, with, then representing the tempera- between the blade electrodes which was analyzed using the
ture of the electron ensemble. The time evolution of plasmaliagnostic setup described below.
parameters ., Te) is calculated by solving the rate equa-
tions (4). The result is shown in Fig. 3:
C. Diagnostics
dTe E -1 E 1 The ion beam and discharge excited gas target was diag-
Tt Tem T (Tene) "~ (Tem Thet ) (7o) nosed using time resolved optical spectroscopy on the
(4a)  164-nm vacuum ultraviolefVUV) line of He". Light emit-
ted perpendicular to the ion beam axis was focused onto the
dThe . entrance slit of a f{=30cm) VUV monochromator
gt~ [The™ Thelt=2°) ] 7o, (4b)  (McPherson model 228A 1:1 imaging optics consisting of
a flat and a curveradius of curvature 513.4 mnAl-MgF,
coated mirror was designed using a ray tracing program. The
dTher = (Tper— Tro) (7 D I (Te=Thet) entrance slit of the monochromator was oriented parallel to
dt Het THeT THet —H e He the slit between the discharge electrodes. A resolution of the

E 1 imaging optics of 10Qum was obtained.
X(Te_pet) ™ (40) i i i i
e—Het A MgF, window was installed at the diagnostics port of
the target cell. The entire light path outside the cell was
dne 2 4 evacuated to better than 1dmbar. Focusing and alignment
Gt = KakNhetNe—Koisdhe!Ne™ ToitNes (4 of the optics was performed by 3-micrometer mirror mounts
of the flat mirror. Light emitted from the arc discharge be-
tween the tip of the upper electrode to the lower one was

%: _ksKn(z.;.nHe”f_kExnaenHe*_ TISifj%nHE*" (4e) carefully shielded by a cage made from carbon fiber plates
dt inside the target cell. A phototube with a MgEntrance
window (Thorn EMI 9426B mounted at the exit port of the
dnHe; ) L VUV monochromator was used as a detector. Measurements
g kDissnenHe;wL KexNhetNae— Toitt NHe; - (4f) of light intensity were performed in the current mode of the

phototube terminated by a H0-resistor for obtaining ns
time resolution. The output signal was recorded using a 300-
MHz dual trace storage oscilloscop&ektronix 2440 with
1024 data points storage depth. A typical setting during the
measurements was 100 ns per division and 5 mV per divi-
(TE—He)_lz% Ue—HenHeUeNnHe\/T_531 (5) sion, respectively. Data were averaged over 256 discharge
Mye pulses using the oscilloscope, and transferred to a computer
for further analysis as described below. The absolute sensi-
with e ne=5%10"18 cm?. The corresponding expression tivity of the detection system used was known from earlier
for He-He"-collisions (4¢) is work.

The elastic energy exchange collision frequency used in E
(4a) between electrons and He atomg 26|
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0 The signal in Fig. 4 not yet discussed is the second peak
V (t=200 ns), which shows the 164-nm light pulse induced by
=51 heavy-ion beam excitation. A similar light pulse is also ob-
. ' ' . . served without the discharge, as shown in the upper part of
0 Fig. 4. Absolute intensity measurements of the light emission
— s W without discharge allow the optical emission cross section
Z for the 164-nm transition to be measured. The photon emis-
E ) , . ! >
0] sion rate per atom normalized to the flux of incident heavy
z 15 — 2. \ / ion projectiles independent of the specific processes leading
> > . .. . . . .
£ -4 to light emission(direct excitation into the upper level, cas-
=201 3 -6 cades from higher lying levels eic.A value of (9+5)
5] SR I S X 10~ 2% cn? was obtained for the=3-2 transition for the
100 150 200 250 300 100-MeV %S ions used in the experiment, with the sensitiv-
=301 . . . ' [”Is] ity of the detection system being the main source of experi-
0O 200 400 600 800 mental error. | _ o
t [ns] An important aspect in studying the recombination in the

plasma target is a precise measurement of the time integrated
FIG. 4. Light emission on the 164-nm He(n=3—2) transi-  heavy-ion beam induced light intensity at least on a relative
tion is shown vs timewithout (aboveé and with an active(below) scale. Data without ignition of the discharge were used as a
plasma target. In the lower part of the figure, the pulses are inducetference. Such reference data were recorded before and af-
by the dischargéleft) and the ion beam pulggight), respectively.  ter each measurement, with the discharge applied to the tar-
The inset shows an expanded view of the phototube signal induceget gas. The ion beam intensity was measured using a Fara-
by the ion beam pulse. day cup behind the plasma target, and continuously
monitored on a chart recorder. Sets of data where beam fluc-
tuations of more than 20% occurred were not included in the
data analysis. Integration of the normalizing intensity could
A. Data analysis be performed easily since no background signal was ob-
The experimental setup described above could be opegerved. With the discharge activated, the beam induced light

ated routinely during experimental runs with repetition ratesSignal is overlayed by the background signal of the dis-
of the discharge up to 10 Hz. The crucial part of the desigrfharge. The following procedure was used to accurately

was to develop a discharge which enhanced the initial eled€a@sure the time integrated ion beam induced light intensity.
tron density ng~10 cm~3 provided by preionization by The decay of the discharge light with the beam switched off

two orders of magnitude without arcing. With all require- Was described using the following relation with seven free

ments met, a typical phototube signal as recorded on thBarameters,—as:
#‘Gé;gleHé’ line has a time dependence like the one shown Y ()= agexp —ajt) + a,expl — ast)sin(at+ag) + ag.

In the upper part of Fig. 4, a heavy-ion beam pulse excites ®
a 300-mbar He-gas target without a discharge. ThérHe
=3 level is populated by collisional excitation of target at-
oms by the heavy ion projectiles. The full width at half maxi-
mum of the phototube signal is 8 ns.

In the lower part of Fig. 4, the heavy-ion beam pulse
interacts with the plasma target. The first intense signal i
due to collisional ionization and collisional excitation into
then=3 level of He" during the discharge phase. Note that
the streamer mechanism is no thermal ionization process, Yg+(t)=as{tanfag(t—ag)]+1lexd —ajt—ag)].
and results in a nonthermal plasma. The arc discharge fol-
lowing the initial voltage pulse shows only a small, slowly
decaying signal with some ringing on it, due to some elec-The hyperbolic tangent term is used to describe the sharp
trical mismatch either in the discharge or the phototube cironset of the light signal induced by the ion beam pulse, and
cuit. A very homogeneous light blue sheet discharge washe exponential function its slower decay. The sum of these
observed between the knife edge electrodes and a bright atwo functions was fitted to the experimental data. The time
discharge at the tip of the electrodes. Without proper alignof the onset of the ion beam pulse, which was varied experi-
ment or at much higher gas pressure, etc., arcing occurredentally as described below, could also be varied in the
between the knife edge part of the electrodes. Under sucmodel by adjusting the parametag. The result of such a
conditions the light emitted from the arcs dominated the sigdata analysis is shown in Fig. 5. Experimental data, the cor-
nal. Note, that not a single case of arcing is allowed to occuresponding fit function, and their differendeesiduum is
during the 256 discharge pulses needed to record an intensipfotted versus time. The residuum shows only white noise,
versus time plot as the one shown in Fig. 4. This means thindicating that the function describes the data properly. The
probability for arcing had to be on the order of 0or lower ~ onset and decay of the ion beam induced light without
for reasonable data taking. plasma target was modeled by the function

lll. EXPERIMENTAL RESULTS

The first term describes the exponential decay of the fraction
of light from the arc discharge which reaches the detector
despite shielding. The second term takes electronic ringing
into account. An offset is represented by paramaterThe

%nset and decay of the ion beam induced light was modeled

)
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g ] 15
4] data 14
_6 -
-8 1 1.3
O 1 T T T T T /-E\
2] fit J !
— =44 ‘LQ 1.1
= 3
5 81 v 10
a T T T T T
1 residuum 0.9
0 08
- 50 100 200 300 400 500
-2 5t [ns]

0 200 400 600 860 1000
t [ns] FIG. 6. Relative increase in the light output for the*ﬁe(n

FIG. 5. Phototube signal of ion beam pulse induced light emis-=3—2) transiti_on due_ o three body recombi_nation of heavy-ion

sion on the 164-nmr{=32) transition in He* (data, with fit produced H&" ions with free electrons supplied by the plasma

and resulting residuurttermination of discharge at=0). tse;]rcg)]ve;ltr.] Calculated signaturdy, as defined in the text, is also

Ye- (1) =as{tantag(t—ao) ]+ 1}ext —ailt—ay) |+ as, (8t=<150 ns), then the electrons are too hot and three body
(8)  recombination is not significantRg~n2T, %?). Around
completely analogous to E(7). 6t=200 ns the electron density, is still high, and the elec-
Numerical integration could then be performed on the ionfron temperaturd, is low enough for three body recombi-
beam part of the model, resulting in an accurate measure @fation of heavy-ion beam induced Heions to occur. In this

the time integrated light signal induced by the ion beamprocess the H@(n=3) level is populated directly by the

without plasma target_ (164 nm and with plasma target heavy-ion beam and additionally by three body recombina-

| . (164 nm) for various discharge conditions: tion, leading to an increase in the light output on the
He+*(n=3—>2) transition. Atst=200 ns, an increase in in-

9) tegrated light intensity of about 40% is observed. This results
in a three body recombination raRy,=3x10" s L. If 6t
>200 ns, thenT, is low in the plasma target, but, also

o decreases rapidiisee Fig. 3. SinceR3K~n§, the three body
1+(164 nm= fo Ye. (Dt (10 recombination rate decreases, and the population of the
He+*(n=3) level by three body recombination ceases too.

The relative increase in the time integrated heavy-ion bearote that the data adt~130 ns withS;c<<1 are real. They

induced light signal on the=164 nm He “(n=3—2) tran-  ¢an be explained by the fact that at such short times after the

sition is then used as a signature for three body recombinddischarge, there is a high electron density in the target
plasma, which leads to a high rate of nonradiating collisional

| (164 nm= JxYB_(t)dt,
0

tion Sz : ”
deexcitation of the He (n=3) level. At the same time, a
_1,.(164 nm high electron temperature hampers the population of this
K71_(164 nm" 1D jeyel by three body recombination of Heions. Also, the

temperature of the target gas is high right after termination of

Experimental errors were determined as follows. The erthe streamer mechanism, which causes an adiabatic expan-
ror due to photon statistics is about 7%. The error introduce@ion of the target gas. This leads to a reduced target gas
by the data acquisition system is dominated by the jitter indensity, again adding to a decrease of heavy-ion beam in-
electron multiplication in the phototube. This can be treatedjuced light output on the Hé(n=3_>2) transition at early
purely statistically as well, and is on the order of 8%. Bothtimes.
contributions have been taken into account for both the sig-
nal and l_"normalization data, as di;cussed below. B. Modeling of the data

Experimental results for the signatuBgy(st) for three _ L . )
body recombination with the heavy-ion beam, interacting EXPerimental data shown in Fig. 6 can be explained using
with the plasma target at a timét after termination of the coupled rate equations describing the*ﬁesystem. The rate
streamer mechanism, are shown in Fig. 6. Different symbolequation(12) was solved numerically, providing the time
indicate that data were measured at different experimentalependent population densities withdut;_(t)] and with
runs with completely new settings of the Tandem accelerafns. (t)] an active plasma target. The heavy-ion beam pulse
tor, showing that the results were nicely reproducible. was treated as @ function in time wherejg~108 cm 2

Data can be qualitatively interpreted as follows. When theinstantaneously producing population densiti®g.*(m)(t
heavy-ion beam pulse is sent into the plasma target too early0) for main quantum numberssSm=6 andnyg+ with
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cross sectionsr,, and ope2+=9.2<10 1 cn? [18]. Cross neglected in comparison with the rates of spontaneous emis-
sectionso;=4.3x 10" 1° cn? and o, = 1.5x 107 1° c? have  Sion, Penning ionization, and electron collisional deexcita-

been measured using an absolutely calibratedion:
monochromator-detector system. The other cross sections 1he time integrated intensity emitted on the=164 nm

have been calculated according to He™™ transition without plasma targgt_ (164 nm] is pro-
b portional to the number of photons emitted per volume ele-
On fl,nsEl,m mentnp,_ (164 nm, and calculated according to
— = tabs
Om fl,mEl,n 8 ns
164 n n 164 n f Az ons_(t)dt.
with 3% taken from Ref[24]. - { M~ "Nen- ( m= 323~ (1)
If the beam pulse is sent into the 300-mbar He gas with- 13
— 102 o3 -
out a plasma .targetne 16" om™® and T.=27 meV are When the beam pulse is sent into the active plasma target at
used in Eq(12): ) - ;
a time ot after termination of the streamer mechanism,
Ne=nN( ), plasma parametens_xe(ﬁt_) and T4(6t), as calculated using
Eqg. (4) and shown in Fig. 3, are used in E42):
Te=Te(61),
. 8 ns
Npe2+(t=0) = ope+Npei s, I, (164 nm(St)~npp (164 nm= f Asnz, (t)dt.
Nm(t=0)=0yNueg, 3<M=6, (14
M — Ra(Te,Ne) N2+ » Applying the same analysis as performed for the experimen-
dt tal data[see Eq(11)] to the intensitied; , calculated by the
theoretical model described above, leads to
dng(t)
ar Rak(Te Ne)Npe2+
J‘S ns
5 Az g (t)dt
_(2 (A6|+R6Deex)+kp(6)nHe)nG(t), '~83K(8t):|+ (164 nm(at): 0
=1 | (164 nm 8 ns
o Az N3 (t)dt
dng(t
(;E : =(Agst RDeeX)ne(t) (15
. Photons emitted more than 8 ns after the heavy-ion beam
Dee excitation were not included in the analysis since these pho-
2 (Asi+Rs;™) +Kp(5)Npe [ Ns(1), tons could not be separated from background produced by
the plasma target itse{ee Figs. 4 and)5In order to com-
dn,(t) 6 pare Sz (6t) with the measured relative increase in light
at =2, (A 4+REIN(D) output of the H&" (n=3—2) transition(see Fig. §, one has
'=> to take into account that the plasma target has a much
3 smaller diameter @pt=200um) than the heavy-ion beam
—(E A4|+R?eex)+kp(4)nHe) na(t), (Oy5=800um), which leads to a smaller value of
=1 Szk(6t), since the influence of three body recombinatign
5 (164 nm onl, (164 nm [see Eq(14)] scales according to
dns(t)

—ar =2, (AR
=4 lax (164 nm= (D [|+ (164 nm—1_ (164 nm].
2
(16)
—(E (A3|+R3I?eex)+kP(3)nHe) ns(t). (12) ~
=1 As a result,S;¢(6t) has to be corrected as follows:

Due to the fast process of deexcitation induced by elec- T Opr ~
tron collisions(RY%, as taken from Ref[6]), three body S3K(6t):<1_ (D_ 0. Sk(8)=0.75+0. 2555 ( ).
recombinatioRsx(Te,ne); see Eq.2)] is treated as if re- HIB (17)
combination would occur directly into the Fig(n=6) level.
The spontaneous emission rates between the levels, ~ Results of model datgS;(4t); see Eq.(17)] and experi-
are taken from Ref[24]. Penning ionization is taken into Mental data are compared in Fig. 6. Calculations are based
account bykp(n) given in Ref.[25]. Charge transfer rates 0N the modeling of plasma parameteggt) andTe(t) in the
between H&" ions and He atoms, as well as the rate ofplasma targefsee Eq.(4)] and rate equatiort12) for the
He,>* molecule formation, have been estimated, and can bele" (n) levels. As can be seen from Fig. 6, the measured
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values of the signaturB;« for three body recombination, as 06 TM 310 I, Gesellschaft fuSchwerionenforschun@SI),
well as its development with time, are accurately describeddarmstadt, the Tandem Accelerator Laboratory Munich, and
by the model calculations. NATO (Grant No. CRG 921215 The authors acknowledge
help from B. Russ and H. Hagn in designing and building the
plasma target, as well as valuable discussions with D. E.
Murnick (Rutgers University We also acknowledge the
This work was funded by the German Federal Ministeryhelpful support of the staff of the Tandem Accelerator Labo-
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